Abstract A new catalyst WO 3 /ZrO 2 -Ce 0.6 Zr 0.4 O 2 (15 wt % WO 3 /ZrO 2 :Ce 0.6 Zr 0.4 O 2 = 50:50) has been developed for the selective catalytic reduction of NO with NH 3 . The redox component Ce 0.6 Zr 0.4 O 2 was dispersed on the surface of acidic WO 3 /ZrO 2 by the solution combustion method showing the best NO x reduction efficiency among the catalysts prepared by various modes of mixing of the components. The catalyst has been characterized by XRD, Raman spectroscopy and NH 3 -TPD. A NO x reduction efficiency of more than 90 % was obtained between 300 and 500°C at a = NH 3,in /NO x,in = 1. The catalyst showed stable NO x reduction efficiency after hydrothermal ageing at 700°C. Sulfur poisoning promoted the NO x reduction efficiency at high temperatures at the expense of a reduced activity at lower temperatures, but the catalyst could be fully regenerated by heating in O 2 at 650°C.
Introduction
NO x abatement from diesel engine exhaust is one of the major challenges in environmental catalysis. NO x gases are the major source of pollution and photochemical smog formation. The most efficient technology to remove NO x from stationary sources is the selective catalytic reduction (SCR) of NO x by ammonia (4NH 3 ? 4NO ? O 2 ? 4N 2 ? 6H 2 O) [1] [2] [3] [4] . Reduction of NO x from diesel engine emissions requires a highly efficient catalyst operating over a temperature range of 200-500°C at high space velocity. Under certain circumstances such as diesel particulate filter (DPF) regeneration, the diesel exhaust gas temperature can even go up to slightly above 700°C [5] . For light-duty vehicles its use is restricted by the complexity and large dimensions of the SCR system that must incorporate also a tank for the aqueous urea solution (NH 3 precursor), a urea hydrolysis catalyst and eventually an NH 3 slip catalyst [6] . Other critical aspects are the limited hydrothermal stability and the potentially toxic emissions of currently available SCR catalysts [7] [8] [9] .
Among metal oxide-based SCR catalysts, commercially used V 2 O 5 /WO 3 -TiO 2 catalysts are highly active, but serious concern exists with respect to high temperature stability and sensitivity to phosphorus [2] . Manganese based catalysts also works very well at low temperature, but NO conversion is decreased significantly above 350°C [10] [11] [12] [13] [14] [15] [16] [17] [18] and they easily deactivate by sulfur.
Recently, ceria-based SCR catalysts have attracted much attention due to their advantageous redox properties [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and ceria-promoted acidic zirconia systems seem to be particularly attractive [24] . For instance, by using Ce 1-x Zr x O 2 as redox component NO x reduction efficiency is maximized [19] and hydrothermal stability may be further enhanced by dispersing on a stable high surface acidic oxide. The activity is further enhanced by the addition of acidic components to bind ammonia, such as vanadate, tungstate or niobate [19, 22, 25] . However, the acidic component dispersed on the metal oxide surface tends to separate out under hydrothermal ageing at high temperatures initiated by sintering of the surface. Tungstate (WO 3 The first method a) of preparation could be accomplished by solution combustion method as well as co-precipitation method, commonly called CP catalysts. In the solution combustion method, an aqueous solution of (NH 4 ) 2 Ce(NO 3 ) 6 , ZrO(NO 3 ) 2 and C 2 H 5 NO 2 (fuel) was prepared in the molar ratio 0.6:0.4:0.51. 15 wt % WO 3 / ZrO 2 was added to the solution forming a suspension solution and kept at 400°C in the furnace. After evaporation at the point of complete drying the mixture ignited and the combustion product was obtained in a minute. In this preparation method, of the stoichiometrically calculated amount of fuel was used to avoid formation of voluminous oxides. This sample was marked SCM. In the co-precipitation method, the hydroxides were precipitated from a solution of ZrO(NO 3 ) 2 and (NH 4 ) 2 Ce(NO 3 ) 6 and stirred for 6 h for homogeneous mixing. Then, 15 wt % WO 3 /ZrO 2 was added to the hydroxides suspension and the resulting mixture was stirred until complete evaporation. The precipitate was dried at 120°C for 3 h and then calcined at 650°C for 5 h. The samples obtained by using this method was marked 'Co-prep'.
In the second method b), the Ce 0.6 Zr 0.4 O 2 , used in the ball milling (BM) mixing, was also prepared by both solution combustion as well as co-precipitation method as described above and was marked by the same abbreviations SCM and Co-prep, respectively.
10 wt % WO 3 /Ce 0.6 Zr 0.4 O 2 was prepared by the wet impregnation method. Ammonium tungstate was dissolved in an ammonia solution and added to Ce 0.6 Zr 0.4 O 2 such that it just wets the oxides. The resulting product was dried in air at 120°C for 3 h and calcined at 650°C for 5 h. This sample was marked IMP.
The catalysts were coated on cordierite honeycombs following previous described methods [8] . The catalyst loading was *200 mg/cc.
X-ray diffraction measurements were carried out on a Bruker D8 Advance diffractometer using Cu K a radiation. The XRD patterns were collected over the 2H range of 20°to 70°at a step size of 0.01°. To minimize the influence of texture, the samples were rotated during each measurement.
Ammonia Temperature-Programmed Desorption (NH 3 -TPD) was applied to measure the surface acidity of the materials and check their NH 3 storage capacities (ASC, expressed in mL/g). For this purpose, 200 mg powder catalyst were placed in a quartz U-shaped down-flow reactor (total length: 150 mm; internal diameter: 8 mm). The temperature was measured with a thermocouple located inside the reactor. In a first step, the sample was pretreated in a flow of 30 mL/min He at 500°C for 30 min. Ammonia adsorption was carried out for 15 min at 50°C using a flow of 30 mL/min of 5 vol. % NH 3 /He. After purging at 50°C for 1 h with pure He, the desorption of NH 3 was monitored with a Thermal Conductivity Detector (TCD) during heating up to 650°C with 10 K/min.
Catalytic Activity Tests
The NO SCR activity with NH 3 gas was tested between 200 and 550°C by feeding 1000 ppm NO, 1000 ppm NH 3 , 10 % O 2 , 5 % H 2 O and N 2 into a quartz plug-flow reactor at a gas hourly space velocities (GHSV) of 50,000 h -1 . The resulting NO, NO 2 , N 2 O and unreacted NH 3 were quantified with a Nicolet Magna-IR 560 FTIR spectrometer [8] . The NO x reduction efficiency (DeNO x ) was calculated as follows:
Top Catal (2013) 56: [23] [24] [25] [26] [27] [28] where NO x is the sum of NO and NO 2 concentrations. Besides the equimolar dosage of NO x and NH 3 , the NH 3 concentration was gradually increased from 100 to 1500 ppm at a constant NO concentration of 1000 ppm for assessing the ammonia slip of the catalyst (surface acidity), its redox potential and its ammonia oxidation potential.
Results and Discussions
The catalyst contains 15 wt % WO 3 /ZrO 2 as acid and Ce 1-x Zr x O 2 as redox component. To find the best composition regarding x, the NO SCR activity over 15 wt % WO 3 /ZrO 2 -Ce 1-x Zr x O 2 was tested with x = 0.0-0.5. The reference material 10 wt % WO 3 /ZrO 2 -CeO 2 showed high NO x reduction efficiency at all temperatures. The NO x reduction efficiency over the WO 3 /ZrO 2 -Ce 1-x Zr x O 2 catalysts did not change much with increasing Zr concentration from x = 0.0 to 0.5, except slightly lower NO x conversion at high temperatures. At high temperatures, slightly more NH 3 oxidation occurred for higher Zr contents up to x = 0.4. At x = 0.5, a lower activity was observed at lower temperatures. Therefore, since the optimum Zr content also enhances both the redox activity and the hydrothermal stability, we choose Ce 0. Obviously, the CP catalysts were generally more active than the BM catalysts. In the BM catalysts, when Ce 0.6 Zr 0.4 O 2 was prepared by the co-precipitation method (Co-prep), it showed a higher NO x reduction efficiency than the same catalyst with Ce 0.6 Zr 0.4 O 2 prepared by solution combustion (SCM). Although WO 3 /ZrO 2 was the common component used in all catalyst preparations, the close proximity of redox sites and acidic sites in the CP catalysts seems to be decisive to achieve high NO x reduction efficiency. It seems to be reasonable to assume that Ce 0.6 Zr 0.4 O 2 crystallites could form on the surface and were distributed more homogeneously in the CP catalysts.
Since the CP catalyst from solution combustion was the easiest to prepare, we continued with this type for the further studies. The potential formation of a Ce 0.6 Zr 0.4 O 2 solid solution on the WO 3 /ZrO 2 surface in the 10 wt % WO 3 /ZrO 2 -Ce 0.6 Zr 0.4 O 2 (SCM) catalyst was examined by XRD in Fig. 2 . For the purpose of comparison of the peak positions in the mixed oxides, pure Ce 0.6 Zr 0.4 O 2 phase and 10 wt % WO 3 /ZrO 2 -Ce 0.6 Zr 0.4 O 2 (Co-prep) are also shown in Fig. 2 . To identify the phases present in the mixed Fig. 1 3 TPD was used to determine the surface acidity which is required to bind ammonia at the surface as a condition for high NO x reduction efficiencies. Figure 4a shows the NO x reduction efficiency of the most promising catalyst 15 wt % WO 3 /ZrO 2 -Ce 0.6 Zr 0.4 O 2 with varying space velocity from 20,000 to 50,000 h -1 . Even at the highest space velocity of 50,000 h -1 almost full conversion was measured between 300 to 550°C. Only below 300°C, a significant decrease in activity was observed with increasing space velocity. At low temperatures, the reaction rate became slow because the redox activity of CeO 2 significantly decreased. Figure 4b shows the NO x reduction efficiency (DeNO x ) of this catalyst versus NH 3 slip. This plot demonstrates that DeNO x is high at 10 ppm NH 3 emissions above 300°C. Moreover, the steeply rising curves confirm the high surface acidity of the catalyst, because already at rather low NH 3 dosage the local NH 3 concentration at the SCR sites are high enough to reach almost the maximum activity of the catalyst. Figure 5 shows a comparison between the 15 wt % WO 3 /ZrO 2 -Ce 0.6 Zr 0.4 O 4 catalyst and a commercial vanadium-based reference catalyst. It is obvious that there was no significant difference in NO x reduction efficiency in the However, after hydrothermal aging substantial differences between these two catalysts became apparent, which are presented in Fig. 6 Fig. 7 . After 5 h of SO 2 dosing, a promoting effect on the NO x reduction efficiency was observed at high temperatures, whereas the activity decreased below 300°C. At 550°C, the NO x reduction efficiency increased from 65 to 76 %, while it decreased from 71 % to 46 % at 250°C. The catalyst could be regenerated after heating in O 2 at 650°C. The increase in activity at high temperatures could be due to an increase in acidity by the presence of sulfate groups. The presence of sulfate groups avoided ammonia oxidation leading to higher NO x reduction efficiencies at high temperature, while the surface coverage with sulfate reduced the redox property decreasing the NO x reduction efficiency at lower temperatures. Figure 8 compares the SCR activity of 15 wt % WO 3 / ZrO 2 -Ce 0.6 Zr 0.4 O 4 with NH 3 gas and urea solution as reducing agents in the same reactor at 200, 250, 275 and 300°C. The NH 3 slip-DeNO x curves show an identical behavior. The NO x reduction efficiency with urea solution was somewhat lower for some measurement points because Al 2 O 3 had to be added as catalyst binder in this experiment. This means that urea hydrolysis was also efficiently catalyzed, which renders the catalyst suitable for both stationary application with NH 3 gas and mobile applications with urea solution. 
